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I n t r o d u c t i o n  
Carbon-13 s o l i d  s t a t e  NMR spectroscopy of c o a l s  and chemica l ly  modified 

c o a l s  using t h e  combination of  c r o s s  p o l a r i z a t i o n  and magic angle  spinning 
(CPMAS) has proven an extremely u s e f u l  method f o r  c h a r a c t e r i z i n g  t h e  organic  
s t r u c t u r e s  present  i n  t h e s e  systems.''a In a d d i t i o n  t o  provid ing  a d i r e c t  
measure of carbon a r o m a t i c i t y ,  t h e  method g ives  some f u r t h e r  i n d i c a t i o n  a s  t o  
t h e  d i f f e r e n t  types  of organic  f u n c t i o n a l i t i e s  p r e s e n t  from t h e  c h a r a c t e r i s t i c  
shoulders  u s u a l l y  observed on t h e  two p r i n c i p a l  bands i n  t h e s e  spec t ra .  
Unfor tuna te ly  it i s  no t  p o s s i b l e  t o  q u a n t i t a t i v e l y  a s s i g n  any of these  
f e a t u r e s  i n  coa l  CPMAS s p e c t r a  t o  s i n g l e  f u n c t i o n a l  types because of severe 
s p e c t r a l  overlap.  For ins tance  i n  t h e  aromatic  reg ion  t h e r e  a r e  t y p i c a l l y  
t h r e e  overlapping bands centered  roughly a t  127, 138 and l55ppm from TMS. As a 
r u l e  of thnmb t h e  155 band is o f t e n  taken  a s  a t t r i b u t a b l e  t o  phenols  o r  a r y l  
e t h e r s ,  t h e  band a t  138 a s  a l k y l  s u b s t i t u t e d  aromatics  and t h e  band a t  127 a s  
both  protonated aromatic  carbon and nonprotonated carbon i n  fused r i n g s .  T h i s  
q u a l i t a t i v e  i n t e r p r e t a t i o n  of CPMAS coal  s p e c t r a  i s  supported by s t u d i e s  using 
CPMAS t o  fol low t h e  matura t ion  of coal . '  As rank increases  t h e  genera l  t rend  
observed i s  t h a t  oxygenated aromatic  carbons d isappear  f i r s t  fol lowed by l o s s  
of a l k y l  groups and t h e  aromatic  band becomes p r o g r e s s i v e l y  narrower. T h i s  
p i c t u r e  should however not  be  taken  t o o  l i t e r a l l y  a s  many o t h e r  types of  
carbons t h a t  a r e  t o  be expected i n  c o a l s  a l s o  resonate  in  t h e s e  reg ions .  The 
i n c l u s i o n  of heteroatom s u b s t i t u t i o n  in  t h e  u n s a t u r a t e s  produces a wide range 
of carbon-13 s h i f t s  making it e s p e c i a l l y  d i f f i c u l t  t o  i d e n t i f y  t h e s e  important 
c o n s t i t u e n t s  of coa l  by s o l i d  s t a t e  NMR. 

These d i f f i c u l t i e s  of i n t e r p r e t a t i o n  a r e  s i m i l a r  t o  those  encountered i n  
t h e  s tudy  of complex biomolecules  by NMR i n  s o l u t i o n .  Because of the  l a r g e  
number of resonances and t h e  r e s u l t a n t  s p e c t r a l  overlap.  unambiguous 
assignment of t h e  s p e c t r a  is not  simple. Uost o f t e n  in  s o l u t i o n  NMB t h i s  
problem i s  handled by a p p l i c a t i o n  of one of the  many two dimensional  (2D) NMR 
methods developed over  t h e  l a s t  decade.' I n  genera l  t h e  2D methods used i n  
s o l u t i o n  a r e  n o t  a p p l i c a b l e  t o  c o a l  because of t h e  s t r o n g  i n t e r n u c l e a r  d i p o l a r  
i n t e r a c t i o n s  p r e s e n t  i n  organic  s o l i d s .  Onr r e s e a r c h  has  been concerned w i t h  
t h e  development and a p p l i c a t i o n  of new 2D methods f o r  s o l i d s  t h a t  overcome 
these  d i f f  i c u l t i e s .  We have previous ly  repor ted  the  successfu l  a p p l i c a t i o n  of 
a v e r s i o n  of t h e  he te ronuclear  s h i f t  c o r r e l a t i o n  method f o r  s o l i d s  t o  a whole 
coa l . '  T h i s  experiment permi ts  assignment of carbon-13 resonances on t h e  b a s i s  
of the  chemical s h i f t  of any d i r e c t l y  bonded proton.  In t h i s  way the  
pro tona ted  carbon-13 resonances i n  t h e  a l i p h a t i c  p o r t i o n  of a c o a l  can  be 
separa ted  and c l e a r  d i s t i n c t i o n s  made between methylenes, methyls  bonded t o  
carbon and methyls bonded t o  heteroatoms. I n  t h i s  type of experiment t h e  idea 
is t o  produce a p u l s e  sequence t h a t  removes t h e  compl ica t ions  of  t h e  s o l i d  
s t a t e  t o  y i e l d  a r e s u l t  s i m i l a r  t o  t h e  analogous experiment i n  s o l u t i o n .  A , much more product ive approach has been t o  u s e  t h e  magnetic i n t e r a c t i o n s  
p r e s e n t  i n  s o l i d s  a s  t h e  b a s i s  f o r  2D NMR. Two such methods be ing  s tudied  
which hold much promise f o r  s t r u c t u r e  a n a l y s i s  i n  c o a l s  a r e  asynchronous 
d i p o l a r  s h i f t  c o r r e l a t i o n  spectroscopy (ADIPSBIFI') and zero f i e l d  NMR 
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(ZFNMR).' These methods y i e l d  s p e c t r a  w i t h  much b e t t e r  r e s o l u t i o n  than 
t y p i c a l l y  observed b y  CPMAS spectroscopy and provide f o r  a more complete 
account ing of f u n c t i o n a l  groups.  Recent work i n  t h i s  l a b o r a t o r y  has a l s o  
ind ica ted  t h a t  2D methods which can c o r r e l a t e  carbon-13 resonances on t h e  
b a s i s  of c o n n e c t i v i t y  a r e  p o s s i b l e  i n  s o l i d s .  These methods w i l l  determine how 
funct iona l  groups a r e  connected t o  one another  and be e s p e c i a l l y  a p p l i c a b l e  t o  
chemical ly  modified c o a l s .  

ADIPSEIFT E 
I n  ADIPSHIFT NMR t h e  resonances i n  a complex carbon-13 CPMAS spectrum 

can  be separa ted  on t h e  b a s i s  of t h e  number of d i r e c t l y  bonded pro tons  using 
t h e  carbon-l3/proton d i p o l a r  i n t e r a c t i o n .  A l l  t y p e s  of  carbon a r e  observed i n  
t h i s  experiment a t  once and i t  i s  i n h e r e n t l y  a s  accura te  a s  CPMAS spectroscopy 
i t s e l f .  This  i s  a s i g n i f i c a n t  advantage over  t h e  d i p o l a r  dephasing method 
which cannot d i s t i n g u i s h  methines from methylenes and r e q u i r e s  empir ica l  
c o r r e c t i o n s  i f  semi-quant i ta t ive  r e s u l t s  a r e  t o  be  obtained.  The experimental  
s e t u p  and p u l s e  sequence nsed i n  t h e  ADIPSHIm experiment has  been descr ibed  
elsewhere. I n  b r i e f  the  experiment produces a 2D spectrum w i t h  t h e  deconpled 
carbon-13 CPMAS spectrnm along t h e  oz a x i s  and a proton d i p o l a r  coupled 
carbon-13 MAS spectrum along t h e  o1 a x i s .  To i d e n t i f y  the  types  of carbon 
resonat ing  a t  a g iven  p o i n t  i n  t h e  normal carbon-13 CPMAS spectrum the  d i p o l a r  
sideband p a t t e r n  i n  ul f o r  t h a t  p o i n t  i s  s imulated.  The b a s i s  of t h e  method i s  
t h a t  a CE, group w i l l  g ive  about twice a s  wide a sideband p a t t e r n  a s  a CE 
group and both  of these  p a t t e r n s  a r e  v e r y  much wider t h a n  those  f o r  
nonprotonated carbons  o r  r o t a t i n g  methyl groups. The sideband p a t t e r n s  a r e  
determined by a number of  f a c t o r s  including C-H d i s t a n c e s ,  E-C-H angles .  
chemical s h i f t  a n i s o t r o p i e s  and the  r e l a t i v e  o r i e n t a t i o n  of  t h e  chemical s h i f t  
an iso t ropy  t o  t h e  C-H v e c t o r s .  I n  ex tens ive  computer s imula t ions  i t  has  been 
found t h a t  under c o n d i t i o n s  of f a s t  MAS r o t a t i o n  the  sideband p a t t e r n s  a r e  
dominated by t h e  number of pro tons  a t tached .  Reasonable v a r i a t i o n s  i n  t h e  C-E 
d i s t a n c e ,  chemical s h i f t  an iso t ropy ,  E-C-E angle  and s h i f t  t e n s o r  o r i e n t a t i o n  
have only small e f f e c t s  on t h e  c a l c u l a t e d  sideband i n t e n s i t i e s .  Average va lues  
f o r  r e l a t i v e  s ideband i n t e n s i t i e s  can t h e r e f o r e  be used a s  a b a s i s  f o r  
s imulat ing experimental  s p e c t r a .  A l l  t h a t  i s  necessary  i s  t o  f i n d  a l i n e a r  
combination of  the  s tandard  sideband p a t t e r n s  t o  determine t h e  r a t i o s  of 
CE,:CH:CE, and nonprotonated carbons c o n t r i b u t i n g  t o  a p a r t i c n l a r  resonance. 

In a p p l i c a t i o n  t o  model systems the method g ives  e x c e l l e n t  agreement 
w i t h  known s t r u c t u r e s .  For c h o l e s t e r y l a c e t a t e  t h e  CPMAS spectrum i s  q u i t e  
complex giving a s  many a s  t h r e e  l i n e s  f o r  each carbon in the molecule due t o  
s o l i d  s t a t e  e f f e c t s .  From t h e  ADIPSEIFT sideband p a t t e r n  f o r  t h e  IO-lbppm 
region  of the spectrum t h e  r e l a t i v e  percentages  of t h e  t h r e e  t y p e s  of carbon 
a r e  c a l c u l a t e d  t o  be 42% CH,. 27% CH and 31% CH, p l u s  nonprotonated carbons. 
This  compares q u i t e  w e l l  w i t h  t h e  a c t u a l  numbers of 42.1%. 27.2% and 30.7% 
respec t ive ly .  The method has  a l s o  been a p p l i e d  t o  t h r e e  c o a l s :  PSOC-284. 
PSOC-1135 and an a i r -oxid ized  I l l i u o i s # C  c o a l .  The r e s u l t s  from t h e  sideband 
a n a l y s i s  f o r  t h e s e  t h r e e  c o a l s  a r e  conta ined  i n  Table 1. Even though t h e  a i r -  
oxidized coal  and PSOC-284 give e s s e n t i a l l y  i d e n t i c a l  CPMAS spec t ra ,  
measureable d i f f e r e n c e s  e x i s t  i n  t h e  breakdown of  carbon types.  The numbers i n  
Table 1 can be used t o  c a l c u l a t e  the  E/C r a t i o  f o r  the organic  p o r t i o n  of the  
coa l .  In  each case  the  number i s  somewhat lower t h a n  t h a t  measured by 
a n a l y s i s .  For example in  PSOC-284 t h e  E/C r a t i o  by ADIPSHIFT NMR i s  0.83 and 
i s  measured by a n a l y s i s  t o  be 0.87. T h i s  d i f f e r e n c e  i s  t o  be expected a s  t h e  
NMR measurement accounts  on ly  f o r  hydrogen a t t a c h e d  t o  carbon, t h a t  a s s o c i a t e d  
w i t h  heteroatoms i s  n o t  accounted f o r .  

Chemical s h i f t  s p e c t r a  f o r  t h e  d i f f e r e n t  s idebands i n  t h e  ADIPSEIFT 
spec t ra  a l s o  make f o r  an i n t e r e s t i n g  comparison between these  c o a l s .  I n  the  
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centerband t h e  spec t ra  a r e  dominated by nonprotonated and methyl carbons.  The 
f i r s t  and success ive  s idebands a r e  due t o  CE and CH, groups w i t h  t h e  l a t t e r  
dominating t h e  outermost s idebands.  S i g n i f i c a n t  d i f f e r e n c e s  a r e  observed i n  
t h e s e  c o a l s ,  e s p e c i a l l y  i n  t h e  l o w  f i e l d  aromatic  regibn.  In t h e  f i r s t  and 
second sideband spec t ra  resonances a t t r i b u t e d  t o  pro tona ted  sp’ carbons  a r e  
observed which a r e  normally obscured by t h e  resonances from phenol o r  phenol ic  
e t h e r  carbons.  This  i s  a r a t h e r  unique s h i f t  range f o r  pro tona ted  carbon and 
i s  most l i k e l y  a t t r i b n t a b l e  t o  carbons i n  f u r a n  d e r i v a t i v e s  a lpha  t o  t h e  
oxygen. Another i n t e r e s t i n g  f e a t u r e  i s  a shoulder  sometimes seen  i n  CPMAS 
s p e c t r a  of c o a l s  a t  -108ppm which i s  now c l e a r l y  reso lved .  These carbons  a r e  
a l s o  pro tona ted  and probably a r e  due t o  carbons b e t a  t o  t h e  heteroatom i n  
phenols. furans  or  p y r r o l e s .  Some types  of o l e f i n s  w i l l  r esonate  i n  t h i s  a r e a  
of t h e  spectrum a s  wel l .  In t h e  a l i p h a t i c  reg ion  the s p e c t r a  c l e a r l y  
d i s t i n g u i s h  methyl carbons and CH, groups. For t h e  p o o r l y  reso lved  reg ion  
where e t h e r s  resonate  t h e r e  i s  now c l e a r  evidence f o r  a s u b s t a n t i a l  p o r t i o n  of 
methylenes a t tached  t o  oxygen. 

Zero F i e l d  NMR 
While CPMAS based methods a r e  u s e f u l  f o r  s p i n  1 / 2  n u c l e i  such as 

carbon-13, t h e y  a r e  of l i m i t e d  u t i l i t y  f o r  n u c l e i  w i t h  s p i n  g r e a t e r  t h a n  1 / 2  
because of the  nuc lear  quadrupole i n t e r a c t i o n .  This  same i n t e r a c t i o n  i s  put  t o  
good use i n  ZFNMB which can produce e x c e p t i o n a l l y  wel l  reso lved  s o l i d  s t a t e  
spec t ra . ’  For  coa l  t h e  most important a p p l i c a t i o n s  of  ZFNMR w i l l  be t o  
nitrogen-14 and deuter ium n u c l e i  w i t h  i n d i r e c t  d e t e c t i o n  v i a  t h e  abundant 
pro tons  f o r  s e n s i t i v i t y  enhancement. ZFNMR of these  n u c l e i  i s  e s s e n t i a l l y  
F o u r i e r  t ransform pure n u c l e a r  quadrupole resonance. Because of t h e  l a r g e  
v a r i a t i o n  i n  quadrupole coupl ing c o n s t a n t s  a s s o c i a t e d  w i t h  changes i n  
f u n c t i o n a l i t y ,  t h e  ZFNMR s p e c t r a  of these  n u c l e i  i n  c o a l s  a r e  expec ted  t o  be 
e s p e c i a l l y  informative.  ZFNMR i s  b a s i c a l l y  a 2D techniqne which c o r r e l a t e s  t h e  
h i g h  f i e l d  NMR spectrum w i t h  t h e  spectrum i n  zero a p p l i e d  f i e l d .  In a t y p i c a l  
ZFNMR experiment t h e  zero f i e l d  e v o l u t i o n  i s  accomplished by removing t h e  
sample from t h e  NMB magnet t o  a r e g i o n  i n  t h e  f r i n g e  f i e l d  which c a n  t h e n  be 
convenient ly  compensated f o r  by a s e t  of pulsed magnet c o i l s .  The d i f f i c u l t y  
w i t h  t h i s  approach i s  t h a t  t h e  r e l a x a t i o n  t imes T, f o r  the  n u c l e i  being 
observed must be longer  t h a n  t h e  t ime needed t o  move the  sample o u t  of t h e  NMR 
magnet and back. Typical  pneumatic s h u t t l i n g  t imes a r e  c u r r e n t l y  lOOmsec which 
i s  t h e  order  of  T, f o r  t h e  pro tons  i n  most c o a l s .  In order  t o  make ZFNMR 
a p p l i c a b l e  t o  c o a l ,  methods a r e  be ing  developed t o  lengthen  t h e  p r o t o n  T,’s 
and shor ten  the sample s h u t t l i n g  t imes.  One approach has  been t o  remove a l l  
oxygen from t h e  coa l  sample and t o  lower the  temperature  which we have found 
can produce T,’s a s  long a s  800msec i n  c o a l s .  Another way around th i s  problem 
i s  t o  not  s h u t t l e  t h e  sample and e l e c t r o n i c a l l y  switch t h e  main magnet f i e l d  
ins tead .  Switching t imes t h e  order  of 30msec a r e  c u r r e n t l y  achievable  w i t h  
f i e l d s  a s  l a r g e  a s  1.4T. T h i s  method is f a s t e r  and more reproducib le  t h a n  
pneumatic sample s h u t t l i n g  and much e a s i e r  t o  combine w i t h  low temperature  
opera t  ion. 

Connect iv i ty  by S o l i d  S t a t e  EDIB 
The advanced NMR methods o u t l i n e d  above come c l o s e  t o  e x t r i c a t i n g  a l l  

t h e  s t r u c t u r a l  information p o s s i b l e  by NMR a lone  a t  p resent .  Another approach 
t o  increas ing  the  information conten t  of NMR s p e c t r a  i s  t o  combine NMR 
spectroscopy w i t h  chemical t rea tment .  Some e l e g a n t  work along t h e s e  l i n e s  has  
been done using a l k y l a t i o n  chemistry.”’ By incorpora t ing  a s p i n  l a b e l  i n  t h e  
a l k y l a t i n g  reagent  i n  t h e  form of  i s o t o p i c  enrichment or another  NMR a c t i v e  
nucleus. t h e  s t r u c t u r e  of t h e  r e a c t i o n  s i t e  can b e  convenient ly  s t u d i e d  by 
s o l i d  s t a t e  NMR methods. Previous s t u d i e s  have been e s p e c i a l l y  informative a s  
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t o  the  types  of s i t e s  t h a t  may be 0-a lkyla ted  i n  c o a l s .  In p a r t i c u l a r  t h e  
chemical s h i f t s  f o r  a r y l  e t h e r s  a re  q u i t e  s e n s i t i v e  t o  s t e r i c s .  T h i s  makes i t  
p o s s i b l e  t o  de te rmine  t h e  ra t io  of a r y l  e t h e r s  formed with no s u b s t i t u t i o n  a t  
ad jacent  carbons t o  t h o s e  w i t h  s u b s t i t u t i o n .  Snch chemical t rea tment  can a l s o  
be used t o  good advantage i n  2D NMR s t u d i e s .  The p r i n c i p a l  p iece  of 
informat ion t h a t  t h e  o t h e r  2D techniques d iscussed  here l a c k  i s  c o n n e c t i v i t y ,  
i . e . ,  how a r e  the  f u n o t i o n a l i t i e s  observed a t tached  t o  one another7 The 
func t iona l  a n a l y s i s  provided b y  ADIPSHIET and ZFNMR only t e l l s  us what types  
of  carbons, p ro tons ,  o r  n i t r o g e n  a r e  present .  n o t  how t h e y  a r e  l inked.  By 
us ing  carbon-13 l a b e l e d  a l k y l a t i n g  r e a g e n t s  i t  should however be p o s s i b l e  t o  
e s t a b l i s h  c o n n e c t i v i t y  $n t h e  a rea  o f  the  a l k y l a t i o n  s i t e  using 2D NMR methods 
such a s  COSY end NOESY. 

The b a s i c  idea i n  the COSY and NOESY methods i s  t h a t  spin-spin coupl ings 
and i n t e r n u c l e a r  d i p o l a r  coupl ings a r e  s h o r t  range i n t e r a c t i o n s  which can  be 
used t o  c o r r e l a t e  t h e  resonances f o r  carbons i n  c l o s e  proximity to  one 
another .  For a number of  reasons  such  carbon-carbon c o n n e c t i v i t y  experiments 
may not  be expected t o  work wel l  i n  s o l i d s  and t h i s  has slowed t h e i r  
development. One p o t e n t i a l  problem i s  t h a t  f o r  p a i r s  of carbon-13 n u c l e i  t h e  
s i z e  of the d i r e c t  d i p o l a r  coupl ing and t h e  chemical s h i f t  d i f f e r e n c e s  may be 
comparable g i v i n g  r i s e  to  second order  e f f e c t s  which a r e  observed t o  be  
pronounced i n  powder spectra ."  T h i s  might be expected t o  g ive  r a t h e r  
complicated s c a l a r  coupl ing  p a t t e r n s  f o r  bonded sp ins  making COSY methods 
d i f f i c u l t  to  i n t e r p r e t  i n  complex systems. In a d d i t i o n  s p i n  exchange mediated 
by d i r e c t  d i p o l a r  c o u p l i n g s  i n  second o r d e r  systems under MAS may make i t  
d i f f i c u l t  t o  q u a n t i t a t e  t h e  r e s u l t s  from NOESY type experiments  and thus  
i n t e r n u c l e a r  d i s t a n c e s  der ived  from suoh methods may not be r e l i a b l e .  However 
under MAS c o n d i t i o n s  i t  has  been observed t h a t  these  f a c t o r s  d o  not 
n e c e s s a r i l y  r e s u l t  in second order  COSY o r  NOESY s p e c t r a  and f o r  t h e  purposes 
of e s t a b l i s h i n g  c o n n e c t i v i t y  the techniques work q u i t e  wel l  i f  c e r t a i n  
precaut ions  a r e  fol lowed.  

The model system s tudied  here i s  t h e  p a i r  of phosphorus-31 n u c l e i  i n  
1.2-bis [2,4.6-tri-~~_r~-butylphenyll d iphosphine. T h i s  sys tem was chosen f o r  
s tudy  because of t h e  high s e n s i t i v i t y  of phosphorus-31 M R ,  t h e  conclusions 
drawn a r e  a p p l i c a b l e  t o  any p a i r  of s p i n  1 / 2  n u c l e i  w i t h  s i m i l a r  d i p o l a r  
coupl ings  and chemical s h i f t  a n i s o t r o p i e s .  Therefore  s i m i l a r  behaviour i s  
expected f o r  p a i r s  o f  carbon-13 n u c l e i  i n  organic  s o l i d s .  In s o l u t i o n  t h e  
Phosphorus-31 spectrum d i s p l a y s  a s i n g l e  l i n e  under pro ton  decoupl ing f o r  t h e  
two magnet ica l ly  e q u i v a l e n t  phosphorus n u c l e i .  In t h e  s o l i d  s t a t e  the CPMAS 
spectrum i s  somewhat d i f f e r e n t  showing two l i n e s  with b a r e l y  reso lved  f i n e  
s t r u c t u r e .  One l i n e  h a s  the  appearence of a t r i p l e t  and t h e  second has a n  i l l  
def ined  shape w i t h  n o t i c e a b l e  shoulders .  The n a t u r e  of  t h e  f i n e  s t r u c t u r e  has  
been determined t o  b e  due t o  "P-"P s c a l a r  coupl ing  i n  t h e  s o l i d  which i s  n o t  
observable  i n  s o l u t i o n .  T h i s  was accomplished by a homonuclear J 2D experiment 
us ing  CPMAS and s t r o n g  pro ton  d i p o l a r  decoupling. In a d d i t i o n  i t  was found 
necessary  t o  increment t h e  t, p e r i o d  synchronously wi th  t h e  MAS r o t a t i o n  r a t e  
w t o  ensure t h a t  t h e  II pulse  i n  t h e  middle of t, d i d  not  i n t e r f e r e  w i t h  t h e  
dS process. The r e s u l t a n t  J spectrum g i v e s  a reasonable  value f o r  J "P-'lP 
of 200Hz. Tkc p e t t e r n s  i n  t h e  2D J spectrum s u p r i s i n g l y  a r e  observed t o  be 
v e r y  c l o s e  t o  f i r s t  o r d e r .  To determine t h e  c o n n e c t i v i t y  of  t h e  t r a n s i t i o n s  a 
COSY experiment was performed again r e s t r i c t i n g  t h e  increment i n  t, t o  l l w  . 
The r e s u l t i n g  2D spectrum shows t h a t  t h e  two l i n e s  i n  the "P spectrum a r e  I n  
f a c t  not  coupled t o  e a c h  o t h e r ,  r a t h e r  t h e y  a r e  a c t u a l l y  two p a i r s  of c l o s e l y  
spaced resonances which a r e  i n t e r n a l l y  coupled. T h i s  is somewhat perplexing a s  
t h e  resonance which h a s  the  appearence of a t r i p l e t  i s  seen t o  a c t u a l l y  be a 
doublet  Of d o u b l e t s  w i t h  J c l o s e  to  the  i s o t r o p i c  chemical s h i f t  d i f f e r e n c e .  
The reason t h a t  t h e  p a t t e r n  i s  not h ighly  second order  a s  would be observed 
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f o r  t h i s  case  in s o l u t i o n  i s  s u b t l e .  Even though t h e  average s h i f t  d i f f e r e n c e  
f o r  t h e s e  two n u c l e i  i s  smal l ,  t h e  ins tan taneous  s h i f t  d i f f e r e n c e  a t  many 
p o i n t s  during the MAS r o t a t i o n  apparent ly  i s  l a r g e .  This  i s  a consequence of 
t h e  f a c t  t h a t  the two ''P n u c l e i  have a n i s o t r o p i c  chemical s h i f t s  (bo-IlOppm) 
and t h a t  the  s h i f t  t e n s o r s  a r e  not  c o p a r a l l e l .  Thus the  J spectrum and the 
COSY p a t t e r n s  a re  f i r s t  o r d e r  even though the  i s o t r o p i c  s h i f t  d i f f e r e n c e  i s  
c l o s e  t o  J over a MAS r o t a t i o n .  While t h i s  s i t u a t i o n  may seem t o  be 
f o r t u i t o u s ,  it w i l l  i n  f a c t  be  t h e  usua l  case  i n  most systems of  t h i s  type.  
Only i n  the  case  where of a p a i r  of n u c l e i  a r e  r e l a t e d  by an invers ion  c e n t e r  
w i l l  s c a l a r  coupl ings not  be observed. I n  carbon-13 a l k y l a t e d  c o a l s  it i s  
then expected t h a t  t h e  i d e n t i f i c a t i o n  of C-alkylat ion s i t e s  should be  p o s s i b l e  
using t h i s  s o l i d  s t a t e  COSY method. A l l  t h a t  i s  requi red  i s  t h e  o b s e r v a t i o n  of 
c r o s s  peaks in t h e  2D spectrum wi th  t h e  n a t u r a l  abundance carbon-13 a t  the  
s i t e  of attachment and t h e s e  should be observed w i t h  the  same s o r t  of 
s e n s i t i v i t y  a s  ADIPSHIFT s p e c t r a .  

A second type of c o n n e c t i v i t y  i s  a l s o  n i c e l y  demonstrated i n  our  model 
system. I n  a t y p i c a l  NOESY experiment n u c l e i  s p a t i a l l y  c l o s e  t o  one another  
a r e  c o r r e l a t e d  v i a  d i p o l a r  mediated c r o s s  r e l a x a t i o n .  In  t h e  s o l i d  the 
experiment i s  conceptua l ly  s i m i l a r  except  t h a t  t h e  c o r r e l a t i o n  is achieved 
d i r e c t l y  w i t h  the  d i p o l a r  coupl ings p r e s e n t  r a t h e r  than through r e l a x a t i o n  
processes .  I n  t h e  model diphosphine s tudied  t h e  r e s u l t s  of  t h e  NOESY 
experiment a r e  s i m i l a r  t o  those  f o r  t h e  COSY experiment. The same f i r s t  o rder  
COSY peaks a r e  observed b u t  now a d d i t i o n a l  c r o s s  peaks a r e  seen  due t o  the  
mixing per iod  during which t h e  d i p o l a r  i n t e r a c t i o n  c o r r e l a t e s  t h e  resonances.  
T h i s  spectrum shows t h a t  a l though t h e  two p r i n c i p a l  "P l i n e s  a r e  n o t  through 
bond connected,  t h e y  a r e  i n  c l o s e  proximity t o  one another .  Again t h e  p a t t e r n s  
a r e  c l o s e  t o  f i r s t  order  and of good i n t e n s i t y .  These r e s u l t s  l e a d  u s  t o  
conclude t h a t  there  a r e  a t  l e a s t  two inequiva len t  molecules i n  t h e  u n i t  c e l l  
f o r  t h i s  compound and t h a t  t h e  molecules do Pot have invers ion  c e n t e r s .  In  
a d d i t i o n  t h e  sample used has  an impuri ty  of t h e  analogous primary phosphine 
present .  No c r o s s  peaks a r e  observed between the  diphosphine and t h e  primary 
phosphine i n d i c a t i n g  t h a t  t h e y  a r e  i n  s e p a r a t e  phases ,  i . e .  t h e  two compounds 
c r y s t a l l i z e  out  of s o l u t i o n  separa te ly .  When appl ied  t o  0-alkylated c o a l s  t h i s  
method should be q u i t e  informative.  S ince  t h e r e  w i l l  be  no l a r g e  s c a l a r  
coupl ings t o  o ther  carbon-13 c e n t e r s  a l l  c r o s s  peaks t h a t  w i l l  be  observed 
w i l l  be NOESY peaks and i n d i c a t e  t h e  i d e n t i t y  of the  carbons a lpha  t o  the 
oxygen o r  otherwise very  c l o s e  t o  the  l a b e l e d  c e n t e r .  

Summary 
Two dimensional NMR methods have been shown t o  provide a much f i n e r  

account ing of the  f u n c t i o n a l  types  p r e s e n t  i n  c o a l s  t h a n  b y  CPMAS spectroscopy 
alone.  The ADIPSHIFT method has  been shown t o  be a t  l e a s t  a s  q u a n t i t a t i v e  a s  
CPMAS both  in  theory  and experimental ly .  The method g i v e s  r e l i a b l e  
d i s t r i b u t i o n s  of carbons w i t h  d i f f e r i n g  m u l t i p l i c i t i e s  which i s  u s e f u l  i n  
i d e n t i f y i n g  d i f f e r e n t  f u n c t i o n a l i t i e s  t h a t  over lap  i n  chemical s h i f t .  Recent 
s t u d i e s  of a model system i n d i c a t e  t h a t  the  c o n n e c t i v i t y  of t h e  d i f f e r e n t  
groups i n  chemical ly  modified c o a l s  should be obta inable  from s o l i d  s t a t e  COSY 
and NOESY experiments. This  type of information w i l l  provide a v e r y  accura te  
p i c t u r e  of t h e  s t r u c t u r e  of t h e  a l k y l a t e d  s i t e s  and the  s u b s t i t u t i o n  p a t t e r n s  
surrounding them. 
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TABLE 1 

Coal 

ADIPSHIFT Analysis  f o r  Three Coals 

A 1  iphat  i c  s Aromatics 
%CA,, c BCH SbCH, BC WCB 

PSOC-284 1 7  39 44 62 38 
A i r  Ox. 11. t 6  22 43 35 63 37 
PSOC-1135 21 48 25 70 30 

f A 

0.68 
0.69 
0.81 
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